F-FDG PET/CT provides the SUV, a quantitative measure of the metabolic activity of tumoral tissues that correlates with the tumor proliferative rate, 7 whereas diffusion-weighted imaging (DWI) with ADC provides a quantitative measure of water diffusion in tissue that correlates with the tumor cell density and the histological differentiation grade. 8 The relation between quantitative parameters of 18 F-FDG PET/CT and DWI has been assessed for various tumors and suggests a correlation between tumor metabolic activity and cellularity.
C olorectal cancer is the second most common cancer, with 447,000 new cases per year in 2012, and the third most common cause of death from cancer in Europe. Rectal carcinoma represents 40% to 50% of colorectal cancers, among them 95% being adenocarcinoma. 1 Risk of local recurrence is substantial and correlates to the extension and grade of the tumor and to the nodal status at initial presentation. 2 Pelvic MRI and 18 F-FDG PET/CT are useful for staging and therapeutic management. Pelvic MRI allows for accurate definition of the distance to mesorectal fascia, 3, 4 which is a predictor of the local recurrence rate, as well as for definition of the regional nodal status. Although not commonly used in daily practice, 5 18 F-FDG PET/CT also helps in evaluating the nodal status and is especially performed for the detection of distant metastases. 6 MRI and 18 F-FDG PET/CT are thus 2 complementary modalities for the initial staging of advanced rectal cancer. 18 F-FDG PET/CT provides the SUV, a quantitative measure of the metabolic activity of tumoral tissues that correlates with the tumor proliferative rate, 7 whereas diffusion-weighted imaging (DWI) with ADC provides a quantitative measure of water diffusion in tissue that correlates with the tumor cell density and the histological differentiation grade. 8 The relation between quantitative parameters of 18 F-FDG PET/CT and DWI has been assessed for various tumors and suggests a correlation between tumor metabolic activity and cellularity. 9, 10 However, only a few studies have assessed this relation in locally advanced rectal cancer (LARC). 11, 12 The purposes of our study were to assess the relation between ADC and SUV for the primary tumor and the regional lymph nodes in LARC before neoadjuvant treatment and to assess the diagnostic performance of ADC values in identifying pathological lymph nodes.
MATERIALS AND METHODS

Population
From October 2012 to September 2014, 27 consecutive patients were prospectively enrolled in our study (19 men, 8 women; mean age, 63 ± 12 years [range, 45-87 years]). Inclusion criteria were a locally advanced, biopsy-proven rectal cancer (T3 and T4 stage) based on endorectal US (ERUS) and colonoscopic findings and no previous treatment of this tumor. Exclusion criteria were T1 and T2 stage rectal cancer revealed by imaging (ERUS and/or MRI), known contraindications to MRI, and incomplete baseline examinations. All patients underwent both baseline pelvic diffusionweighted MRI (DW-MRI) and whole-body 18 F-FDG PET/CT on the same day for initial staging, before neoadjuvant treatment. Of 27 included patients, 3 patients were classified as T3 stage by ERUS, but downstaged to T2 stage after MRI. Because of the discrepancy between ERUS and MRI, these 3 patients were excluded. Twenty-four patients were thus included in the statistical analysis.
The institutional review board has approved the study, and written informed consent was obtained from all patients before inclusion in the study.
MRI Protocol
MRI examinations were performed on a 1.5-T scanner (Magnetom Aera; Siemens Healthcare, Erlangen Germany) using a dedicated phase-array 18-canal body coil (Siemens Healthcare), with the patient in a supine position on the MR table. No rectal cleansing, rectal enema, or air insufflation was performed. After fasting for at least 6 hours before the MRI, all patients were intravenously injected with 20 mg of scopolamine butylbromide (Buscopan; Boehringer Ingelheim, Basel, Switzerland) or, if contraindicated, with 1 mg of glucagon (Glucagen; Novo Nordisk, Bagsvaerd, Denmark) to reduce artifacts due to bowel peristalsis. MRI protocol parameters were the same for all patients (Table 1) . Three-plane (axial, sagittal, and coronal) T2-weighted turbo spin echo (TSE) images of the rectum were first obtained with an axial acquisition perpendicular to the rectal tumor. Axial T2-weighted TSE images of the upper pelvis including the iliac bifurcation were also acquired. Axial single-shot spin-echo echo-planar DWI sequences in 3 orthogonal directions (frequency encoding, phase encoding, and slice encoding) with 2 b values = 0 and 600 s/mm 2 were subsequently acquired from the iliac bifurcation to the anal verge. Pixel-to-pixel ADC maps were generated from DWI using Siemens software.
F-FDG PET/CT Protocol
All PET/CT examinations were performed on a Discovery 690 PET/CT scanner (GE Healthcare, Milwaukee, Wis). After fasting for at least 6 hours before the examination, patients were intravenously injected with 248 ± 43 MBq (range, 160-374 MBq) of Step duration was not adjusted according to patient body mass index. It was preceded by an unenhanced MDCT (64-row detector, 120 kV, automatic tube intensity modulation, pitch 1.5, 0.5-second rotation time, 3.75-mm slice thickness) used for attenuation correction. PET data were reconstructed using an ordered-subset expectation maximization method with 8 subsets and 2 iterations.
PET/CT and MR Images Analysis
Two readers, one with 4 years of experience as a radiologist and the other with 8 years of experience as both a radiologist and a nuclear physician, blinded to ERUS and colonoscopic results, reviewed the MR and PET/CT examinations on a PACS workstation (CARESTREAM PACS Client, version 11; Carestream Health, Rochester, NY) in consensus.
Rectal Cancer Analysis
For all tumors, the stage revealed by MRI (T3 or T4), the location within the rectum (lower, middle, or upper third), the distance to the anal verge in millimeters, the longitudinal extension of the tumor in millimeters, the presence (scored as follows: 0 if absent or 1 if present), and location (anterior, posterior, or lateral rectal walls) of spicules 3 mm or greater within the mesorectal fat were recorded.
The highest 18 F-FDG SUV was automatically detected. Then, in consensus, the 2 readers drew ellipsoid ROIs of 1 cm 2 on the tumor area of the rectal wall containing the highest 18 F-FDG SUV on axial PET images and measured the SUVmax and SUVmean of the rectal cancer (Fig. 1) .
After spatial rigid coregistration of the DWI with the 18 F-FDG PET/CT images, the same ROI was automatically transferred onto the ADC map generated from DWI. The ADCmin and ADCmean were then measured.
Regional Lymph Nodes Analysis
No pathological specimen was available in our untreated population, because all patients immediately underwent neoadjuvant radiochemotherapy after imaging. Therefore, for regional lymph node analysis, the combination of 18 F-FDG PET/CT and morphological MRI criteria was considered as the standard of reference. 13 Lymph nodes were defined as pathological when demonstrating a short axis of 6 mm or greater, round shape, loss of fatty hilum, indistinct borders, heterogeneous signal on T2-weighted MR images, 5 and an 18 F-FDG uptake higher than the background activity of soft tissues on PET/CT images. For comparison, the 2 readers also evaluated control lymph nodes that were defined as having a short axis of 6 mm or greater, oval shape, preserved fatty hilum, smooth borders, homogeneous signal on T2-weighted MR images, and an 18 F-FDG uptake lower than the background activity of soft tissues on PET/CT-images. All the chosen control lymph nodes were located in the inguinal chain of patients who did not have any external iliac or inguinal pathological lymph nodes. For both pathological regional lymph nodes and control lymph nodes, ROIs (size range, 0.3-1 cm 2 ) were drawn in consensus around the nodes, and SUVmax and SUVmean values were measured. The ADCmin and ADCmean values of the lymph nodes were again measured by applying the same ROI on ADC maps after coregistration with 18 F-FDG PET/CT images (Fig. 2) . The number, location, and size of all the pathological and control lymph nodes were also recorded.
Statistical Analysis
Data were analyzed using Stata 13.1 software (Stata Corporation, College Station, Tex). Continuous variables are presented as mean ± SD, and categorical variables as number or percentage. The nonparametric Kruskal-Wallis test was used to compare SUVmax, SUVmean, ADCmin, and ADCmean between tumor subgroups. The same test was used to compare the size, SUVmax, SUVmean, ADCmin, and ADCmean of pathological versus control lymph nodes. We assessed the relations between SUVmax, SUVmean, ADCmin, and ADCmean of the rectal tumors and of the lymph nodes by computing the Spearman ρ correlation coefficient. Values of Spearman ρ values were interpreted as follows: 0 or less was poor, 0 to 0.20 was slight, 0.21 to 0.40 was fair, 0.41 to 0.60 was moderate, 0.61 to 0.80 was substantial, and 0.8 to 1 was good to very good. ROC analysis with determination of the AUC and a corresponding 95% confidence interval (95% CI) was performed to evaluate ADCmean and ADCmin diagnostic values for lymph node characterization. P < 0.05 was considered statistically significant.
RESULTS
Patients' Characteristics
Twenty-four patients with untreated LARC were included in the statistical analysis (18 men, 6 women; mean age, 64 ± 12 years [range, 45-87 years]). Twenty patients (83%) had a T3 stage tumor, and 4 patients (17%) had a T4 stage tumor, which were all histologically characterized as rectal adenocarcinoma. Of the 24 tumors, 4 were located in the lower third, 13 in the middle third, and 7 in the upper third of the rectum. The mean distance from the tumor to the anal verge was 67 ± 27 mm, and the mean longitudinal extension was 54 ± 25 mm. Twenty-two tumors displayed spicules in the mesorectal fat, among which 10 along the anterior wall, 6 along the posterior wall, and 10 along the lateral walls of the rectum.
Rectal Cancer Results
SUVmax and SUVmean values of the rectal cancers (n = 24) were 17.5 ± 8.2 and 13.3 ± 6.1 g/mL, respectively, whereas their ADCmin and ADCmean values were 787 ± 185 Â 10 −6 mm 2 /s and 1057 ± 218 Â 10 −6 mm 2 /s, respectively. There was no statistically significant difference of SUVmax, SUVmean, ADCmin, or Clinical
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ADCmean between T3 and T4 tumors (P > 0.19). The difference of SUVmax, SUVmean, ADCmin, or ADCmean was not statistically significant for tumors in different rectal locations or the presence of spicules (P > 0.14, Table 2 ). As for the rectal cancer, we found a substantial significant negative correlation between the SUVmean and the corresponding ADCmean values (ρ = −0.61, P = 0.0017) (Fig. 3) and between ADCmin and SUVmax values (ρ = −0.66, P = 0.0005). SUVmax, SUVmean, ADCmin, and ADCmean were not significantly correlated with longitudinal tumor extension (P > 0.08).
Regional Lymph Node Results
In total, 44 pathological and 19 control lymph nodes were evaluated. Among the 44 pathological regional lymph nodes we had assessed, there were 33 perirectal, 6 internal iliac, 3 external iliac, 1 common iliac, and 1 inguinal lymph nodes. The size of pathological and control lymph nodes was not significantly different (8.3 ± 3.7 vs 7.2 ± 1.4 mm, P = 0.41). The mean SUVmax and SUVmean were significantly higher in the pathological lymph nodes than in the control lymph nodes (7.0 ± 5.4 vs 1.3 ± 0.5 g/mL and 5.0 ± 3.7 vs 1.0 ± 0.4 g/mL, P = 0.0001). This was the case for pathological lymph nodes equal to or smaller than 1 cm (n = 38, P = 0.0003) or larger than 1 cm (n = 6, P = 0.0001). ADCmean was significantly lower in pathological lymph nodes (1099 ± 185 vs 1379 ± 324 Â 10 −6 mm 2 /s, P = 0.0012) than in control lymph nodes. This was the case for pathological lymph nodes equal to or smaller than 1 cm (n = 38, P = 0.003) or larger than 1 cm (n = 6, P = 0.009). ADCmin was not significantly different between pathological and control lymph nodes (821 ± 214 vs 890 ± 400 Â 10 −6 mm 2 /s, P = 0.27). This was the case for pathological lymph nodes equal to or smaller than 1 cm (n = 38, P = 0.38) or larger than 1 cm (n = 6, P = 0.16).
Taking into account all pathological and control lymph nodes (n = 63), ADCmean showed a fair but statistically significant negative correlation with the corresponding SUVmean values (ρ = −0.38, P = 0.0021). There was, however, no statistically significant correlation between ADCmin and SUV max (ρ = −0.11, P = 0.41). SUVmean and SUVmax values were statistically significantly correlated with lymph node size (ρ = 0.42, P < 0.0007), but there was no statistically significant correlation between lymph node size and ADC mean (ρ = −0.08, P = 0.54) or ADCmin (ρ = −0.06, P = 0.62) values.
With AUCs of 0.24 (95% CI, 0.10-0.38) and 0.41 (95% CI, 0.22-0.60), respectively, neither ADCmean nor ADCmin values allowed for accurate distinction between pathological and control lymph nodes when compared with the combination of morphological MRI and PET/CT criteria.
DISCUSSION
PET/CT and DW-MRI are 2 complementary modalities used for initial staging in primary rectal cancer, providing information about metabolic activity and cellularity. Both modalities provide information about tumor features and have been shown to be useful in evaluating tumor response to treatment. [14] [15] [16] [17] The purposes of this study were to assess the relation between quantitative parameters resulting from DW-MRI and 18 F-FDG PET/CT imaging of regional lymph nodes in untreated LARC and the associated primary tumor, as well as to determine the diagnostic performance of ADC values in identifying pathological lymph nodes. We found a statistically significant correlation between ADCmean and SUVmean for the regional lymph nodes and the rectal tumor. To the best of our knowledge, our study is the first that confirms an association between the tumor cellularity and the metabolic activity both in pathological lymph nodes and the related untreated LARC. 11, 12 ADCmin and ADCmean did not, however, help differentiate pathological from benign lymph nodes.
In rectal cancer, the correct initial local staging is important for distinguishing between locally advanced tumors (T3 and T4) and less invasive tumors (T1 and T2) when choosing the optimal treatment (surgery, neoadjuvant chemoradiotherapy, radiotherapy, or chemotherapy alone). As the neoplastic specimen (primary tumor or lymph node) is not available for histological examination prior to treatment, imaging is of paramount importance. Endorectal US, CT, and MRI have been widely used for rectal cancer staging. 18 As to MRI, field strengths of either 3 T or 1.5 T may be used. 19 Indeed, a direct comparison 20 could not reveal any improved accuracy in T staging of rectal cancer when using 3-T MR scanners despite their 2-fold increase in the signal-to-noise ratio compared with 1.5-T MR machines.
Because most primary rectal tumors show intense 18 F-FDG uptake, 6 18 F-FDG PET/CT has also emerged as a promising option for the staging of LARC. It can correctly identify 94.6% of rectal adenocarcinomas and define their local extension (T stage) with an accuracy of 94.3% (95% CI, 87%-100%). 21 Only a few studies have reported a comparison between the SUV uptake of 18 F-FDG PET/CT and the ADC values generated from DWI for the initial quantitative assessment of primary rectal tumors. In our study, we did not find any statistically significant difference of tumor SUVmax, SUVmean, ADCmin, or ADCmean for tumors with different T stages or locations within the rectum. Curvo-Semedo et al 8 showed that lower ADCmean values are associated with a more aggressive tumor profile and are significantly correlated with the mesorectal fascia extension seen on MRI and with their grade of differentiation. To the contrary, we found neither any statistically significant difference of tumor SUV or ADC with respect to the presence or absence of perirectal spicules, nor any relation between SUV or ADC and longitudinal tumor extension. This suggests, as previously reported by Uchiyama et al, 22 that the primary tumor morphology may not necessarily be related to metabolism or cellularity. However, we found a statistically significant negative correlation between ADCmean and the corresponding SUVmean values (ρ = −0.61, P = 0.0017) and between ADCmin and SUVmax (ρ = −0.66, P = 0.0005) values. Two previous studies 11, 12 have shown a significant negative correlation between ADCmin and SUVmax (r = −0.450, P = 0.009; and r = −0.347, P = 0.026, respectively) for primary rectal adenocarcinoma. In these studies, ADCmin was determined as the lowest value and SUVmax as the highest value among all voxels of the entire volume in each tumor. However, there was no certitude that the tumor area with the maximum SUV value corresponded to the tumor area with the minimum ADC value. 11, 12 Unlike these authors, we spatially coregistered our DWI with 18 F-FDG PET/CT images after drawing a 1-cm 2 ROI F-FDG uptake to determine SUVmax. Thus, we aimed at obtaining a perfect anatomic correlation for the 2 imaging modalities in order to be able to compare SUVmax and ADCmin values as true comparables. With the same rigid anatomic coregistration, we similarly assessed the relation between SUVmean and ADCmean values, which may explain the stronger correlation (ρ = −0.61, P = 0.0017) compared with the values reported by Gu et al 11 (r = −0.402, P = 0.02). The exact staging of regional lymph node status is also mandatory for determining the optimal therapy. Size, shape, delineation, and texture of lymph nodes are morphological criteria used for characterization, but none has proven to be a sufficient criterion. 5 In concordance with Monig et al, who found that size is not a good criterion for differentiating metastatic from disease-free lymph nodes, 23 we did not find any statistically significant difference in size between pathological and control lymph nodes. For the detection of malignant lymph nodes, PET/CT has a sensitivity of 61%, with a high specificity of 83%, whereas MRI has a high sensitivity of 94%, but a specificity of only 67%. 13 Combining high-resolution pelvic MRI and 18 F-FDG PET/CT improves the accuracy of nodal status prediction. 13 Diffusion-weighted imaging can also facilitate lymph node detection better than T2-weighted MR sequences can, but without being reliable for differentiating between benign and malignant lymph nodes (AUC = 0.45-0.64). 24, 25 Evaluating 196 histologically benign and 16 histologically malignant lymph nodes, Heijnen et al 24 also reported that the ADCmean value was higher for benign lymph nodes (1.150 ± 0.24 vs 1.04 ± 0.22 Â 10 −3 mm 2 /s), although not statistically significant (P = 0.10), probably because of insufficient reproducibility of ADC measurement in the lymph nodes. 26 We hereby confirm and extend these results by demonstrating that the ADCmean, but not the ADCmin value, was lower in pathological regional lymph nodes, regardless of pathological lymph node size. With an AUC of less than 0.50 on ROC analysis, ADC values were, however, not reliable for accurately distinguishing between pathological and benign lymph nodes at initial staging. To the best of our knowledge, only Cho et al 27 reported that ADC values help identify metastatic lymph nodes using radiological-pathological correlation of all lymph nodes greater than 2 mm in surgical specimens in patients with rectal cancer. Some concerns regarding the methodology may explain the nonreproducibility of these results. First, the difference in size between benign and malignant nodes (3.5 ± 1.6 vs 6.4 ± 3.3 mm, P < 0.0001) could have influenced the ADC values because of background noise, although interobserver agreement was good. Second, the exact spatial correlation of lymph nodes with a diameter of less than 5 mm between DWI and macroscopic surgical specimens may be questionable regarding tissues shrinking after resection, as indirectly confirmed by the high exclusion rate of lymph nodes in this study (354/468 = 76%). While ADC values did not identify pathological lymph nodes, a significant negative correlation between SUVmean and ADCmean of the lymph nodes was found, suggesting an association between metabolism and cellularity of the primary rectal tumor, similarly to other cancers. 9, 28 Hybrid FDG PET/MRI has been reported as an evolving tool for the workup of advanced rectal cancer, 29, 30 thus combining the excellent soft tissue contrast of MRI and the high sensitivity for N and M staging inherent in PET. Preliminary results suggest that PET/MRI allows for more detailed T staging than PET/CT, 29 but the accuracy in N staging does not seem to change significantly, when compared with PET/CT. 29, 30 We have to address some limitations of our study. First, no histopathologic analysis of our included lymph nodes was available. Because we included only LARC, all our patients immediately underwent neoadjuvant radiochemotherapy after initial staging and before surgery. Because of morphological changes induced by the neoadjuvant therapy, histological analysis could not be used as the standard of reference in these settings. However, using automatic coregistration software, we obtained perfect anatomic correlation for measuring 18 F-FDG PET/CT and DWI quantitative parameters in both tumors and lymph nodes when compared with previously published studies using these methods. Second, 18 F-FDG PET/CT examination was performed on a Discovery 690 PET/CT scanner (GE Healthcare, Milwaukee, Wis). Owing to a transverse spatial resolution (4.7 mm) higher than that of PET scanners used in previous studies (6.7-9 mm), 12, 21 SUVmax and SUVmean values may be significantly increased for small lesions such as lymph nodes because of partial volume effect reduction, thus limiting the possibility of comparing the studies.
In conclusion, we report a statistically significant negative correlation between ADCmean and SUVmean values both in primary LARC and regional lymph nodes in the same patient population, thus confirming an association between tumor cellularity and metabolic activity. ADC values were, however, unreliable for purposes of distinguishing between pathological and normal lymph nodes.
